Zigzag, armchair, and different types of chiral single-walled carbon nanotubes (SWCNTs) have distinct structures, due to different wrapping vectors of the underlying graphene sheets. The electronic properties depend on their structure, but this is less clear with regard to their mechanical properties. We modeled the first four flexural thermal vibrational modes of all three types with clamped ends, as a function of length. We applied a carefully equilibrated molecular dynamics procedure that was previously validated by comparison with the Timoshenko beam model in suitable limits. This analytic model allows for both rotary inertia and shearing deformation, but it cannot differentiate among the three atomistic structures. Comparison between the vibrational behavior of the three types of nanotubes clearly shows that the SWCNT structure does not affect the vibrational frequencies under clamped conditions.
I. INTRODUCTION
Carbon nanotubes (CNTs) possess unique electrical and mechanical properties and are of great interest for both basic and applied research. One active research field is that of nanoelectromechanical systems (NEMSs) based on CNTs.
1,2 With respect to conventional NEMSs, CNTs are extremely light, have very high Young's moduli (E ∼ 1-5 TPa), and contain a small number of structural defects. It is anticipated that they will oscillate at high frequencies with high-quality factors, allowing unprecedented mass sensitivity. [3] [4] [5] [6] [7] The vibrational frequencies of CNTs are sensitive to the applied external load and the frequency shifts under an external perturbation.
Nanotubes have three main geometrical classificationsarmchair, zigzag and chiral -due to the different wrapping vector (n,m) values of the underlying graphene sheets. Experiments and some theories show differences in electronic properties among the different types and subtypes. [8] [9] [10] Several older studies 11, 12 claim that there is no difference in the mechanical properties of the different classifications, without providing extensive data. One molecular mechanics study 13 clearly shows that for nanotubes that are not doubly clamped, radial breathing modes differ for different structures, and the atomistic study by Huang et al. 14 proposes that chirality may be relevant in calculations of Young's modulus.
Many numerical studies of vibrations [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] either are based on continuum models or, if atomistic, consider only a single type of tube. In a continuum analytic model it is hard to differentiate among the different atomistic structures. Another force constant study 26 for a large range of different types and sizes of nanotubes found some distinctions among types. Sânchez-Portal et al. 27 also found some dependence on nanotube radius in an ab initio study. A recent study 28 provides accurate parameters for all types of nanotubes and shows that the simple expression 8 for the radius as a function of n and m is more complex, 29 thereby further emphasizing the need to use atomistic models. We are unaware of a comphrehensive study that considers the effect of structure on multiple lateral modes of doubly clamped SWCNTs, and in view of the above-described contradictions, this issue requires clarification.
In a recent paper 30 we reported carefully equilibrated molecular dynamics (MD) simulations of doubly clamped armchair single-walled carbon NTs (SWCNTs) including a precise analysis of the four lowest modes of vibrations. We provided clear evidence for the failure of simple analytic models such as Euler-Bernoulli (EB) to accurately extract resonance frequencies, as the ratio (R/L) between the tube radius (R) and the length (L) varies. Our results were in excellent agreement with the Timoshenko beam 31 model, which includes the effect of both rotary inertia and of shearing deformation.
Invoking the EB model implies that the bending rigidity (which is the product of E and the nanotube wall thickness) is constant. We showed that if λ n is the wavelength of the nth mode, for higher values of R/λ n this is most definitely not true. Yakobson's paradox 32 relates to a scatter of between 1 and 5 TPa in the Young's modulus from atomistic simulations. We shed light on this by giving an upper cutoff estimate for the effective SWCNT thickness and showed that, in the Timoshenko model, there are two sources for the nanotube thickness. The issue of nanotube thickness was also addressed in Ref. 14 from a different viewpoint, and our E and thickness results are in good agreement.
The results in Ref. 11, claiming independence of nanotube type, while impressive for that time, are based on the old inaccurate expression for the nanotube radius, simplified force field potentials, and use the EB expressions to translate among Young's modulus, tube radius, and vibrational frequency. behavior is more subtle than the simple deductions made in Refs. 11 and 12 from the EB model. The results in Ref. 13 showing dependence on nanotube type are consistent with the Timoshenko model and do not invoke old expressions for the radius. However, they are not relevant to the case of doubly clamped lateral modes, thus this case remains open.
II. OUR SIMULATIONS
We report below on the vibrational behavior of four types of SWCNTs: armchair (denoted A), zigzag (Z), and two chiral ones (C1 and C2). We use the approach that we carefully validated for the armchair case in Ref. 30 . We generate high-quality data with MD simulations on carefully equilibrated clamped tubes (using the Brenner 33 potential) for the thermal vibrations decomposed into different modes. We obtain the dependence of the four lowest modes on length for each of these four nanotubes. Details about the computational procedure and its validation from the Timoshenko beam model can be found in Ref. 30 . Throughout the code development we generated still and animated atomic images with AViz 34,35 for verification purposes.
SWCNTs are periodic and consist of a specific number of repetitive unit cells. The number of unit cells for a given length varies widely between types. For example, a (7,7) armchair nanotube (A) with L = 66.41Å consists of 27 periods with 28 atoms in every unit cell, a (12,0) zigzag nanotube (Z) with L = 68.16Å consists of 16 periods with 48 atoms in each unit cell, an (8, 6 ) chiral nanotube (C1) with L = 103.65Å consists of 4 periods with 296 atoms in every unit cell, and a (9,5) chiral nanotube (C2) with L = 157.05Å consists of only 3 periods with 604 atoms in every unit cell (see Fig. 1 and Tables I and  II for more details). In Fig. 1 we show one unit cell for an armchair, a zigzag, and one of the chiral nanotubes. The axis of the nanotube is in the y direction, and we study vibrations in the z direction. (Our validation process included confirming identical (within statistical error) results for vibrations in the x direction for each case). The frequencies of the vibrational modes depend on both L and R; see Ref. 30 for details of the correct dependence for the armchair case.
In order to compare frequencies among different nanotube types, we need to match the radius and length of the different nanotube types as closely as possible. To obtain almost-identical lengths of vibrating segment (L v ) for the four nanotube types, we studied (A, Z, and the two chiral ones, C1 and C2), we clamped (froze) their ends differently for each type. Each vibrating segment was built up from an integer numbers of unit cells, to avoid any possible boundary conditions effects on the vibrational frequencies. The first (last) three periods were frozen for the A's, the first (last) two periods for the Z's, and one first (last) period for the chiral nanotubes. To achieve identical radii we selected suitable chiral vectors that were as close as possible to those of the A and Z tubes. The radii of the nanotubes of types A, Z, C1, and C2 are 4.75, 4.70, 4.76, and 4.81Å, respectively, and details of the total length and of the length of the vibrating segments for all cases are given in Tables I and II. We used the Brenner potential, which allows for electronic density indirectly in calculating the atomic locations. It has been shown that nanotube distortions can influence their band structure [36] [37] [38] [39] [40] in a different way for different chiralities. The distortions investigated were of the order of several nanometers, whereas the movements for our lateral deformations are only about ∼10 −1Å
, hence causing insignificant modification of the nanotube's band structure. Two thermodynamic ensembles were tested: canonical and microcanonical. No substantial difference in average frequency values was found and we present the canonical ensemble results below. In order to maintain a constant temperature, a Berendsen thermostat 41 was applied. To ensure stable nanotube structure and eliminate intrinsic tension, we collected data after a period of slow initial thermalization to 300 K (periodic boundary conditions with no frozen edges), waiting until the length of the equilibrated nanotube remained constant up to insignificant fluctuations. Since a large number of SWCNTs with different chiralities and lengths were studied, the number of data needed for the vibrational analysis was reduced by selecting some special points where data were recorded (see Ref. 30 for details) . In order to obtain adequate statistics for all vibrational modes we let every nanotube vibrate 1000 times more than the period of its lowest frequency, using an MD time step of 0.5 fs. We then applied a fast Fourier transform (FFT) analysis to the data from the selected points (including one near the center of mass) to calculate the power density as a function of frequency for each of the 24 nanotubes. For example, Fig. 2 depicts vibrational modes after the FFT analysis for the shortest (8,6) chiral nanotube. Its power density versus frequency is presented for the first four thermal vibrational modes (n = 1-4) in the z direction at 300 K, and the inset zooms into the fourth vibrational mode, with a much lower oscillation amplitude.
III. RESULTS
In Fig. 3 we show the frequencies of the first four modes as a function of the length of the nanotubes, with the types given in the legend. The graph includes raw data and interpolated lines which are explained below. We observe no substantial differences in vibrational behavior among the three nanotube types or between the two chiral nanotubes. In order to confirm this observation further we studied the changes in relative frequencies (
δf f
). For this purpose, identical lengths of four chiral vector nanotubes are needed at each point. To achieve this we implemented a procedure that interpolates between any two adjacent points with the following length dependence: Fig. 3 ). Relative frequency changes are calculated using these interpolated data. Figure 4 depicts the frequency changes of A, C1, and C2 nanotubes relative to those of zigzag nanotubes for the first four vibrational modes according to Eq. (1),
where f nanotube is the frequency of the nanotube type we compare with (in the case of Fig. 4 , f nanotube is f Z ). The inset shows the same changes for the fourth vibrational mode only.
Since δf/f is close to 0, it can be concluded from Fig. 4 that no substantial difference between the nanotubes could be detected. We carried out the same procedure relative to the frequencies of the A nanotubes. The graphs are qualitatively , and depict the first, second, third, and fourth modes, respectively. Inset: Relative frequency dependency of the fourth mode only. similar and no substantial difference among the four nanotube types was detected. These studies provide a systematic set of comparisons between distinct structures and radii within a high-quality classical potential model. We note that our tubes are relatively short and plan to extend the length in future studies. A recent continuum study of longer nanotubes 42 showed that thermal fluctuations may induce strong coupling between resonance modes. This could result in frequency shifts. It is not realistic at this time to attempt such a study with full ab initio modeling, and we do not expect that it would affect the trends in the results.
IV. CONCLUSIONS
Our results show that the vibrational behavior of doubly clamped SWCNTs does not depend on the type or chirality (in other words, on the types and subtypes) of the nanotube (armchair, zigzag, or chiral). Moreover, a change of the chiral vector of one of the nanotube types (as long as the radius does not change by more than ±0.5Å; in our case, 4.76 and 4.81Å are the radii of the C1 and C2 chiral nanotubes, respectively) does not affect the vibrational frequencies. This is useful for the design of ultrahigh NEMS sensors because it shows that one can select the nanotube without making allowance for the chirality. These results are based on extreme care both with equilibration and with the matching or interpolation of radii and lengths. We have shown that the frequencies of the lateral modes of doubly clamped SWCNTs depend only on the nanotube length and radius, and not on the nanotube type.
